e UCRL-93482
e PREPRINT

NEW ELECTROMAGNETIC EFFECTS ASSOCIATED WITH
CAVITY-BACKED APERTURES

Richard W. Ziolkowski

THIS PAPER WAS PREPARED FOR SUBMITTAL TO

1986-URSI International Symposium on
Electromagnetic Theory in Budapest

August 25-29, 1986

This is a preprint of a paper intended for publication in a journal or proceedings. Since
changes may be made before publication, this preprint is made available with the un-
derstanding that it will not be cited or reproduced without the permission of the author.



DISCLAIMER

This document was prepared as an account of work sponsored by an agency of the
United States Government. Neither the United States Government nor the University
of California nor any of their emplovees, makes any warranty, express or implied, or
assumes any legal liability or responsibility for the accuracy, completeness. or useful-
ness of any information, apparatus, product, or process disclosed, or represents thar
its use would not infringe privately owned rights. Reference herein to any specific
commercial products, process, or service by trade name, trademark, manufacturer, or
otherwise, does not necessarily constitute or imply its endorsement, recommendation,
or favoring by the United States Government or the University of California. The
views and opinions of authors expressed herein do not necessarily state or reflect
those of the United States Government or the University of California, and shall not
be used for advertising or product endorsement purposes.



NEW ELECTROMAGNETIC EFFECTS ASSOCIATED WITH CAVITY-BACKED APERTURES

Richard W. Ziolkowskr
Fngineering Research Division
Lawrence Livermore National Laboratory
P.O. Box 5504, L-156

Livermore, CA

94550

ABSTRACT

A number of canonical problems that describe coupling through apertures into enclosed regions have been solved.
The scattering data generated by these cavity-backed aperture (CBA) solutions share a common property: they
are dominated by resonance features closely connected to the presence of the cavity. The behavior of these CBA
resonance features will be described for variations in frequencies, angles of incidence, look angles, aperture sizes,
and interior object characteristics. In particular, it will be demonstrated that standard bistatic cross-sections

contain information about the interior of the cavity.

1. INTRODUCTION

Because they describe coupling via apertures
into enclosed regions and scattering from re-
flector structures having edges and nontrivial
geometries, the importance of canonical elec-
tromagnetic cavity-backed aperture problems
can not be understated. They provide a basic
means with which fundamental aperture cou-
pling and reflector physics can be studied in de-
tail; they can be used to construct and/or val-
idate approximate models or general engineer-
ing analysis and design “rules of thumb” that
can be applied to more general apertures and
scattering objects; and they aid in the devel-
opment of improved numerical techniques es-
pecially near the edges of the apertures or re-
flectors where discontinuities appear and where
those methods may encounter difficulties. More-
over, accurate canonical solutions of this type
provide standards to which general purpose nu-
mnerical code results can be compared.

A number of canonical problems that de-
scribe coupling through apertures into enclosed
regions have been solved recently with the gen-
eralized dual series (GDS) approach and have
been reported(1-8]. These include the
two-dimensional solutions to the scattering of
E- and H- polarized plane waves from an empty
infinite circular cylinder having an infinite ax-
ial slot [1,2] and from one that encloses an infi-
nite concentric [3,4] or off-set impedance cylin-
der [5], and the three-dimensional solutions to
the plane wave scattering from an empty open
spherical shell with a circular aperture [6,7],
and from an open spherical shell with a circular
aperture enclosing either a concentric metal-
lic or dielectric sphere.[8] These problems have
been studied extensively to determine the ef-
fects on the aperture coupling and scattering of
variations in the polarization, frequency, angle
of incidence, aperture size, and interior object
characteristics. The GDS solutions are system-
atic and inherently contain the behavior near
the rim of the aperture required by Meixner’s

edge conditions. They can handle small to large
ratios of cylinder radius to wavelength and ar-
bitrary angles of incidence without additional
special considerations. The two-dimensional slit
cylinder problems have proved to be valuable
because with a variation of a single param-
eter, the impedance, the slit cylinder can be
empty or made to enclose a perfectly conduct-
ing or lossy wire. The three-dimensional open
spherical shell problems involve a finite scat-
terer and have proved to be valuable in deter-
mining which of the recognized coupling effects
are not tied to the two-dimensional nature of
the slit cylinder problems.

2. RESULTS

A cross-section of the generic problem con-
figuration is shown in Figure 1. The open scat-
terer has radius a, the interior object has ra-
dius 5. Half the angular extent of the aperture
is measured by the angle O,,.

It has been found that resonance features
corresponding to the presence of the interior
cavity dominate all of the the aperture cou-
pling and the scattering results. These include
the currents induced on the interior conduc-
tors and the open scatterer, the fields in the
aperture, the energy captured by the open cav-
ity, and the bistatic cross-sections. The loca-
tions in frequency of the cavity-backed aper-
ture (CBA) resonances and the resultant cur-
rent and field patterns at those values can be
identified with corresponding closed-cavity res-
onance locations and patterns.

Fig. 2 shows the radar cross-sections for a
plane wave normally incident into the circular
aperture of an open spherical shell with 1.0m
and ©,, = 10° that is either (a) empty (-) or
encloses a concentric sphere of radius 0.3m that
is either (b) perfectly conducting (**) or (c)
a homogeneous, lossless dielectri¢ with relative
permittivity ¢, = 3.0 (++). For the empty in-
terior case the peaks of the anti-resonance fea-
tures occur at ka = 2.740, 3.860, 4.488, and



4.950. These are slightly lower than the cor-
responding closed cavity resonance locations:
2.744, 3.870, 4.493, and 4.973; due to the de-
tuning of the cavity by the aperture. The anti-
resonance features in the metal and dielectric
inner sphere cases occur, respectively, at ka =
2.410, 3.783, 4.929, 5.036, and 5.341; and ka =
2.583, 3.822, 4.271, 4.939, and 5.328. For the
empty open sphere these CBA features cor-
respond to the TM;,, TMy;, TE,;, and TMs,
modes; for the loaded open spheres they corre-
spond to the TMy,, TMy,, TE,;, TMs;, and T M),
modes. These mode assignments were made by
tracking the resonance locations from the cor-
responding closed sphere to the present open
sphere cases.[8]

The resonance peaks in these cross-sections
are indicative of a reradiation phenomena that
is associated with the cavity-backed nature of
the aperture. The currents induced on the
sphere and consequently the scattered fields ex-
perience a w-phase shift as ka passes through
one of these CBA resonances. Concurrently
the cnergy captured in the interior of the open
spherical shell dramatically increases just be-
low the resonance point and decreases just above
it. Thus a scattered field, whose amplitude is
cnhanced by the energy reradiated from the
cavity, is created that at different look angles
either constructively or destructively interferes
with the incident field. This results in the dis-
tinctive anti-resonance features present in the
radar cross-sections. For small apertures they
are very narrow which is indicative of the ex-
tremely high Q nature of the cavity. Increasing
the aperture size broadens them and their lo-
cations are translated to lower ka values corre-
sponding to an increased detuning of the cavity.

These anti-resonance features are also the
predominant form of the resonances in frequency
scans of the average axial current induced by
an E-pol plane wave on a wire enclosed by a
slit cylinder. This is demonstrated in Fig. 3
where the log of the magnitude of the average
axial current is plotted a:;ainst the log of the
frequency. The radii of the slit cylinder and
the interior wire are b = 1.0m and a = 0.1m, re-
spectively. The slit cylinder has a 26,, = 2.0°
aperture, and the plane wave is normally in-
cident into it. The particular mode pattern
established in the interior of the slit cylinder
determines the form of the resonance.(4] The
“standard” form of resonance peak occurs only
at the TM;, coax mode frequencies. For ex-
ample, the resonant peaks at 8.199 and 8.515
correspond to the TM;,, and TMy; modes. On
the other hand, the anti-resonances at 8.274,
8.380, 8.483, 8.544, and 8.556 correspond to
the TMy,, TMa, TM3,, TM);, and TM,, modes.
These anti-resonance features completely domi-
nate the current scans as the aperture is
widened. For a larger aperture the “standard”
resonance peaks become substantially detuned
while the anti-resonance structures become

broader with more pronounced minimums. In
addition, the background level of the current
rises because the incident field penetrates more
readily into the interior of the cavity.

The large shifts in the locations of the CBA
resonances depending on the characteristics of
the interior load observed in Fig. 2 are typi-
cal. As the size of the interior load is increased,
very large translations of the CBA resonance
locations occur. As a result, one may observe
the sequence in which resonances appear to be
altered or even a disappearance of some reso-
nances in a fixed kb interval. As the relative
permittivity of an interior dielectric sphere is
increased, the number resonances found at the
lower ka values is drastically increased. Mode
splitting, as well as mode translation, occurs
when a wire, interior to a slit cylinder, is moved
off-axis.

These resonance features are also found in
the bistatic cross-sections at the same relative
positions for at all look angles. This is true even
for non-normal incidence. As one might ex-
pect, the shapes and sizes of the individual res-
onance peaks vary with the angle of incidence
and the relative bistatic look angles. The anti-
resonance peaks in the empty open spherical
shell radar cross-sections have been observed
experimentally(9].

3. CONCLUSIONS

Parameter studies of the generalized dual
series solutions of several cavity-backed aper-
ture canonical problems are enhancing our un-
derstanding of the aperture coupling and scat-
tering processes. The presence of the resonance
features in the interior wire currents and in the
scattering cross-sections are extremely interest-
ing. What role, if any, the current resonances
may play in EMP damage mechanisms is being
examined. The cross-section resonances indi-
cate that for cavity-backed apertures there is interior
information contained tn the erterior scattering data.
The dependence of the location of these peaks
on the interior structure and their presence at
all look angles may have very important rarmi-
fications for object identification applications.

This work was performed under the aus-
pices of the U. S. Department of Energy by the
Lawrence Livermore National Laboratory un-
der contract W-7405-ENG-48.
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The generic configuration of the scattering
of a plane wave from a cavity-backed aper-
ture with an interior load is depicted.
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The presence of interior information in the
exterior scattering data is demonstrated with
ka scans of the radar cross-sections for a
plane wave normally incident into a 10°
aperture of a 1.0m open spherical shell that
is either empty (-) or encloses either a con-
centric metallic (**) or ¢, = 3.0 dielectric
sphere (++) with b =0.3m.
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Cavity-backed aperture (CBA) resonances
also occur in frequency scans of the aver-
age axial current induced by an E-pol plane
wave on a perfectly conducting wir- enclosed
by a slit cylinder. The radii of the slit cylin-
der and the interior wire are 4 = 1.0m and
a = 0.1m, respectively. The slit cylinder has
a 20,, = 2.0° aperture, and the plane wave
is normally incident into it. The frequency
is varied from 100 - 400 MHz. ’
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